Profilin-I from Acanthamoeba castellanii is a 13-kDa protein that binds actin and poly-L-proline. The native protein has been crystallized in two different but closely related forms. The second form proved more amenable to three-dimensional structural determination using heavy-atom isomorphous methods to obtain crystallographic phase information. We used the second crystal structure as a test molecule in the molecular replacement procedure to determine the structure of the first crystal form of profilin-I. More residues participate in crystal lattice contacts in the first crystal form than in the second. The two crystal forms differ significantly in the C-terminal helix that interacts with actin and in the loop preceding this helix. Coordinates of some main chain atoms here differ by about 1.0 Å, and side chain atoms differ by more than 2.0 Å. 1998 Academic Press
INTRODUCTION
Profilins are small proteins that have been implicated in actin binding (Carlsson et al., 1977) and phosphoinositide signaling . Most profilins also bind poly-L-proline (Tanaka and Shibata, 1985) . Plant profilins are common human allergens (Valenta et al., 1991) . Profilin is essential for the viability of several species including fruit flies (Verheyen and Cooley, 1994) and yeast (Magdolen et al., 1988) . Many, but not all, species express more than one isoform of profilin with divergent sequences that differ in their biochemical properties. Acanthamoeba castellanii expresses two isoforms of acidic profilins, profilin-IA and -IB (Ampe et al., 1985) , and one basic isoform, profilin-II (Kaiser et al., 1986; Pollard and Rimm, 1991) . Profilin-II binds polyphosphoinositides more strongly than amoeba profilin-I . In humans, the basic isoform is called profilin-I and the acidic form is profilin-II (Gieselmann et al., 1995) . Carlsson et al. (1977) originally emphasized the capability of profilin to inhibit actin polymerization when they characterized a high-affinity complex of bovine profilin with actin. Subsequent research has shown that profilins can regulate actin filament assembly in other ways, including catalysis of the exchange of the nucleotide bound to actin monomers (Mockrin and Korn, 1980; and delivery of actin monomers to the barbed ends of actin filaments (Pollard and Cooper, 1984; Pantaloni and Carlier, 1993) . Profilins have also been implicated in intracellular signaling through their specific interactions with phosphoinositol 4,5-bisphosphate (Lassing and Lindberg, 1985) . These interactions inhibit the production of the second messengers inositol tris-phosphate and diacylglycerol by phospholipase C␥-1 unless the enzyme is phosphorylated by a receptor tyrosine kinase .
Because of widespread interest in their multiple physiological functions, the atomic structures of profilins have been studied in detail. Nuclear magnetic resonance (NMR) spectroscopy provided second-generation structures of both Acanthamoeba profilin-I Archer et al., 1993) and human platelet profilin (Metzler et al., 1993 (Metzler et al., , 1995 . Schutt et al. (1993) determined the first crystal structure of a profilin, that of bovine profilin complexed with ␤-actin, at 2.6 Å resolution. CedergrenZeppezauer et al., (1994) reported the crystal structure of the same profilin without actin bound at 2.0 Å resolution. In parallel with the NMR studies, we described the crystal structures of Acanthamoeba profilin-I and -II (Fedorov et al., 1994) . Despite limited sequence identity (reviewed by Pollard and Quirk, 1994) , all profilins appear to have the same fold, differing mainly in the length of loops connecting ␣ and ␤ secondary structures.
Actin and profilin contact each other at two interfaces in the crystals of the bovine actin-profilin complex. The major profilin contacts include parts of the third and fourth helices and ␤ strands four through six (Schutt et al., 1993) . Biochemical experiments on Acanthamoeba profilins, including chemical cross-linking (Vandekerckhove et al., 1989) , mutagenesis, and monoclonal antibody studies verify that the larger of the two bovine profilin-actin contacts is the major site in solution. Actin-binding regions of other profilins can thus be inferred from sequence alignments and known secondary and tertiary structures of a smaller subset of profilins.
Poly-L-proline oligomers at least 10 residues long (Tanaka and Shibata, 1985) bind stereospecifically to profilins (Petrella et al., 1996) and are useful in purification of profilins from cell extracts. At least one protein with an extensive proline-rich sequence, vasodilator-stimulated phosphoprotein, binds profilin and is dissociated by poly-L-proline (Reinhard et al., 1995) . NMR spectroscopy of both Acanthamoeba (Archer et al., 1994) and human platelet (Metzler et al., 1994) profilins shows that their poly-L-proline binding sites lie between the amino-and carboxylterminal helices. These sites do not directly overlap with the actin-binding site (Schutt et al., 1993) , so actin-profilin complexes can bind poly-L-proline (Tanaka and Shibata, 1985) .
In the present study, we determine the structure of the original Acanthamoeba profilin-I crystals (Magnus et al., 1986) . We find small but significant differences between our new structure and that of our second crystal form (Fedorov et al., 1994) . These differences suggest specific areas of conformational freedom of profilin structures that may influence their affinities for other molecules. The largest differences occur at regions containing atoms with low temperature factors in both crystal forms, indicating these places are not the artifactual results of crystal disorder, but well-defined, separate structures.
Analysis of the first crystal form structure of profilin-I shows the original heavy atom derivatives are of poor quality. The derivatives produce an electron density map of the protein three-dimensional structure that is interpretable only in retrospect. The slight differences in the profilin-I configurations between the two crystal forms may also account for the failure of molecular replacement calculations using an averaged NMR structure of Acanthamoeba profilin-I as a trial model . The root mean square deviations among the 19 NMR structures are 1-3 Å in most places; the crystal structure differences are in regions that appear flexible in the NMR structures. The overall topologies of profilin structures as determined by x-ray and NMR methods are the same.
METHODS AND MATERIALS
Crystallization and data collection of the first crystal form of profilin-I. A mixture of Acanthamoeba castellanii profilin-IA and -IB was purified by the method of Kaiser et al. (1986) , using an Amicon CM-CM cation-exchange column rather than a CMcellulose column. Purified protein was concentrated by precipitation with 2.4 M ammonium sulfate and then redissolved to a concentration of 5.1 mg/ml in 10 mM imidazole buffer at pH 7.5. The protein was clarified by centrifugation for 2 min in a Beckman Microfuge B. Magnus et al. (1986) described the crystallization procedure to crystallize the first form of profilin-I. These crystals were grown at pHs between 5.0 and 6.0 in 50 mM sodium citrate, 1.3 to 2.1 M (NH 3 ) 2 SO 4 , and 1 mM NaN 3 . They have C2 symmetry with a ϭ 110.8 Å, b ϭ 31.7 Å, c ϭ 33.6 Å, and ␤ ϭ 112.6°. X-ray diffraction data to 2.4 Å from native profilin-IA and -IB and to lower resolutions from three putative heavy-atom derivatives, K 2 PtCl 4 , K 2 HgI 4 , and AgCl, were measured using a Nicolet P3/f four-circle diffractometer (Table I) . Nickel-filtered radiation and omega scans of 0.6°were employed. Only data taken before the average intensity of 10 standards decayed less than 15% of their initial average values were used. After decay, background, and absorbance corrections, the derivative data were scaled to the native using the SCALEIT program in CCP4 (1994) .
Structure determination and refinement of the first crystal form of profilin-I. The structure of the first crystal form of profilin-I is determined here by molecular replacement. The test molecule was our refined 2.0 Å model (Fedorov et al., 1994) of the second form with the sequence of profilin-IB (Pollard and Rimm, 1991) . Rigid body refinement was carried out on the initial model using 
X-PLOR (Brü nger, 1992) . Refinement of the first profilin structure was also done with X-PLOR using alternate cycles of manual rebuilding and slow cooling or energy-restrained least square refinements. Initially, the temperature factors (Bs) were held constant. When the R value (R ϭ (⌺F obs 0 -0 F calc )/(⌺ 0 F obs 0 )) dropped to 0.25, the B values were varied for each amino acid. When this R value was 0.20, bond length and bond-angle-restrained individual temperature factors refinements were applied. Thirty water molecules were located at stereochemically reasonable positions where difference electron density was greater than three times its root mean square value. Table II summarizes the final refinement statistics of both crystal forms of profilin-I. In both crystal forms of profilin-I the refinements are complete and well-behaved. Structure of the second crystal form of profilin-I. Fedorov et al. (1994) described the crystallization, data collection, structure determination, and refinement of the second crystal form of profilin-I (Tables I and II) . Crystals grew in 10 mM Tris at pH 7.0, 40 mM KCl mixed with and in equilibrium with 1.1 to 1.8 M Li 2 SO 4 in 100 mM Hepes. The crystals have the symmetry of the space group C2 with lattice constants a ϭ 111.3 Å, b ϭ 31.9 Å, c ϭ 33.9 Å, and ␤ ϭ 111.3°. Although the crystal lattice parameters are the same as those for the first crystal form, within experimental errors, they are not isomorphous since the merging R value, R merge (R merge ϭ ⌺0I 1 Ϫ I 2 0/⌺I i ), is 0.47 for 2.4 Å data. The structure of the 125-residue profilin-I polypeptide was refined to an R value of 0.18 using X-ray data between 8.0 and 2.0 Å resolution.
Difference Fourier analysis of the heavy atom derivatives of the first crystal form of profilin-I. Table I also shows the original heavy-atom derivatives data collection statistics. After completion of refinement of the first crystal form, these data were analyzed to locate the heavy-atom positions. Difference electron density maps of the three derivatives were calculated and contoured at three standard deviations above their backgrounds.
RESULTS AND DISCUSSION

Similar Features in the Structure of the Two Crystal Forms of Acanthamoeba Profilin-I
The overall folding of the two crystal forms of profilin-I are the same (Fig. 1a) . After least square superimposition between the two structures, the root mean square deviation is 0.3 Å for main chain atoms (Fig. 1b) and 0.5 Å for side chain atoms. The mean temperature factors for the main chain atoms of the first and second crystal structure forms are 14.2 and 12.0 Å 2 , respectively.
The new structure of the first crystal form confirms an unusual feature at the end of the first helix, residues N-acetylserine 1 to glycine 12 (Fig. 2) , originally observed in the second crystal form (Fedorov et al., 1994) . There, residues threonine 8 through glycine 12 are in a helix with hydrogen bonds between residues i and i ϩ 5 instead of the conventional ␣-helical pattern of i to i ϩ 4. Pauling and Corey (1951) recognized the possibility of a variety of helical structures that polypeptides might take. Some of these predicted structures, including the helix type above, are observed but rarely (see Sheriff et al., 1987, and Yang et al., 1990 , for examples of single residues in this conformation). The first profilin a From Fedorov et al. (1994) . b Numbers in parenthesis are the corresponding numbers for a set of 10% test reflections not included in the final refinement model. Fedorov et al. (1994) . The two sets of coordinates were superimposed using the program LSQKAB in the software package CCP4 (1994). Residues 1, 14, 20, 25, 51, 60, 83, 103, and 125 are labeled. (b) Main chain displacements between the two profilin-I crystal structures.
helix is stabilized by van der Waals interactions with other parts of the profilin molecule, including contacts between tryptophan 2-tryptophan 29-leucine 120, valine 6 and leucine 116, and leucine 10-valine 112-leucine 116. All three known Acanthamoeba structures appear to have this unusual helix, but not bovine profilin (Schutt et al., 1993) , which lacks the residue corresponding to amino acid threonine 8 and is one amino acid shorter. This part of the molecule does not interact with any known ligands, although a mutation at this residue 12 in Schizosaccharomyces pombe known as cdc3-124 is temperature sensitive (Balasubramamin et al., 1994) .
Seven places in the primary structures of profilins-IA and -IB differ: glutamine 43/threonine, serine 47/glycine, proline 54/alanine, serine 58/glycine, serine 83/alanine, alanine 84/serine, serine 94/alanine (Pollard and Rimm, 1991) . Since there is no difference in charge between the isoforms, they are not expected to separate during the protein purification. Although it is possible that the two crystal forms might differ in their relative amounts of the -IA and -IB isoforms, examination of the two electron density maps reveals no differences in the relative occupancies for any of the seven locations. The maps of the two profilin crystals show no discernible electron density for the longer side chain atoms even when the density contour level is lowered to 0.8 times its root mean square level for the residues 43, 47, 54, and 58. Weak electron density and higher temperature factors for putative O␥ atoms of serines 83, 84, and 94 also suggest similar mixtures of profilin-IA and -IB are present in both crystal forms.
Differences between the Structures of the Two Crystal Forms of Profilin-I
Profilin-I molecules in the second crystal form are rotated 1.5°around an axis close to the crystallographic y-axis and translated Ϫ0.2 Å along the crystallographic x-axis compared to the first crystal form. The average phase difference calculated from the two crystal forms' refined models is 40.1°using data to 2.4 Å. Some centric reflections have flippedphase angles. More residues contact neighboring molecules in the first crystal form than in the second (Table III) . Both profilin-I crystal lattices include hydrophobic, ionic, and hydrogen bond interactions, but most differences between the two crystal forms are hydrophobic contacts. Differing crystal contacts near the carboxyl-termini include residues threonine 91, tyrosine 119, and leucine 120 that participate in binding poly-L-proline (Archer et al., 1994) .
The largest differences between the first and second crystal forms of profilin-I are in the last 23 residues of the protein within helix ␣4 and the loop preceding it: trimethyllysine 103 through threonine 108 (Fig. 3) . Estimates of the coordinate errors for both structure forms are approximately 0.2 Å for well-ordered nonhydrogen atoms, but after least square superimposition, the root mean square distance between all atoms of residues 103-108 in the two crystal forms is 0.9 Å. The greatest difference between the two profilin structures is at residue glutamine 105 (Fig. 4) , where the root mean square deviation of the main chain atoms in the two crystal forms is 1.2 Å and, for side chain atoms, 2.6 Å. In both forms, atoms of these residues have low temperature factors and electron density, indicating that the configurations are different and not artifacts of the refinements. In the first crystal form of profilin-I, the side chain atoms of glutamine 105 make a hydrogen bond to arginine 56 and van der Waals contacts with side chain atoms of threonine 69 of a neighboring molecule. In the second, only the N⑀2 atom of glutamine 105 is within 5 Å distance to the O␦ of aspartate 73 and N1 of arginine 56 of a neighboring molecule.
Although well-ordered in both crystal forms, crystal lattice contacts of the N atom of lysine 115 differ by 1.6 Å (Fig. 5) . Lysine 115 is implicated in actinprofilin binding as it can form a zero-length, isopeptide cross-link with actin glutamate 364 (Vandelkerckhove et al., 1989) .
Analysis of the First Form of Profilin-I and Its AgCl, K 2 HgI 4 and K 2 PtCl 4 Heavy Atom Derivatives
Phase determination for the first crystal form by the phasing method of multiple heavy-atom isomorphous replacement failed. Soaking in millimolar solutions of AgCl, K 2 HgI 4 , and K 2 PtCl 4 preserves the unit cell dimensions of the native crystals but does not label specific sites in a way useful for definitive phasing. Extensive regions of the electron density map were correctly interpreted as ␣-helical or ␤-strand elements of secondary structure, but efforts to improve the quality of the phases by solvent flattening, model building, and phase combination did not bring the electron density map to a state where it was possible to trace the path of the polypeptide chain correctly. The crystal structure of the second form of profilin-I allowed the discontinuous features of secondary structure in the first structure to be connected as the relationship between the two crystal structures is readily apparent. Most of the heavy-atom compounds originally tested do not make strong interactions with the protein while maintaining the crystal lattice isomorphism.
Since the map of the first crystal form of profilin-I has helix and sheet structure visible, we returned to analyze the heavy-atom derivatives that provide an electron density map with clear secondary structure but not chain continuity. In the AgCl derivative, even at 63 mM (Fig. 6a) , multiple weak sites make the original difference Patterson maps uninterpretable. K 2 PtCl 4 gives no substantial binding at the concentration used for data collection (1.3 mM) (Fig. 6b) and causes the crystals to rearrange into a nonisomorphous lattice at a higher concentration (20 mM). Crystals soaked in 1.3 mM K 2 HgI 4 , which can also exist as I Ϫ or HgI 3 Ϫ , give two clear binding sites 7.2 and 6.9 above background level; the next highest peak is at 4.4 (Fig. 6c) . These sites are too asymmetric to refine as isotropic scatters, indicating both mercury and iodine are in complex with the profilin (Fig. 6d) . The larger number of residues involved in crystal lattice contacts in the first crystal may make them more susceptible to destruction by soaking in heavy-atom solutions.
Comparison of Amoeba Profilin-I Structures with Other Three-Dimensional Structures
The known three-dimensional structures of profilin all have the same general topology, suggesting that this motif is preserved throughout evolution. The Acanthamoeba profilin-I structures are superimposed onto the bovine profilin-actin complex of Schutt al. (1993) in Fig. 7 to obtain a model of the association of amoeba profilin and actin. Details of the binding will be different as nonconserved amino acids are involved and the sizes and orientations of the contact regions of profilins are different, especially in the last loop and the proximal half of the C-terminal helix contacts. Cedergren-Zeppezauer et al. (1994) see the aminoterminal region of bovine profilin in cocrystals with actin (see Fig. 7 ). They propose the acetylmethyl group of the modified residue alanine 1 of bovine profilin fits between the rings of phenylalanine 226 and phenylalanine 223 of ␤-actin in the smaller actin-binding region of the actin-profilin complex. The N-acetyl carbonyl oxygen of residue 1 would then be about 3.2 Å from tyrosine 188's phenolic oxygen in actin. A cis peptide bond after the first residue allows this relatively unusual conformation to be formed. The cis peptide bond may well be present in the profilin-actin complex of Schutt et al. (1993) , but is difficult to identify unambiguously at their original resolution of 2.55 Å. The same mechanism is unlikely to occur in Acanthamoeba and sea urchin profilins, as they are one residue shorter at their amino termini.
NMR work on the binding of poly-L-proline oligomers to human profilin (Metzler et al., 1994) and amoeba profilin (Archer et al., 1994) also shows perturbations in the regions that are different in the crystal structures. The amoeba amino acids showing the largest changes in their spectral properties include tryptophan 2, threonine 4, tyrosine 5, asparagine 9, and glutamine 123 (Archer et al., 1994) .
Many proteins are postulated to affect regulatory functions either through relative motions of domains within a subunit or by interactions between homologous or heterologous subunit assemblies. Profilin-I structures appear to involve parts of only a single domain with motions of a few side chains. Differences in the side chain conformations of the first and last helices in profilins may control interactions with other molecules. Diversity in these regions would alter various profilin-actin affinities and serve as a mechanism for the regulation of the actin cytoskeletal assembly and rearrangement. On the carboxylterminal ends of profilins, the last helix does appear to be conserved. Additionally, amoeba profilins have a trimethyllysine 103 that is the second residue in the loop preceding the ␣4-helix that may also play a regulatory role.
CONCLUSIONS
The three-dimensional structures of Acanthamoeba profilin-I have folds and affinities for actin, phospholipid, and poly-L-proline similar to bovine profilin. The structures differ slightly in their loops between helical and sheet elements and their surface structures.
An unusual hydrogen bonding pattern is found at the carboxyl end of the first helix of the Acanthamoeba profilin-I (threonine 8 to glycine 12) that is associated with an opening out of the helix. The profilin sequences in their loops between the first helix and first ␤-strand align with varying lengths so the i to i ϩ 5 hydrogen bonding pattern may be present in nonamoeba species.
